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NATIONAL ADVISﬁhY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUL NO,. 730

PRACTICAL EXPERIEICES WITH
LIGHTNING DISCHARGES TO AIRPLANES®

By Helnrich EKoppe

There stlll ls a conslderable diversity of opinlon as
to the hazard of lightning in aviation. Thus it 18 thought
that, since there 18 no dlirect connection between the alr-
plane and the ground, there could be no force of attraction,
consequently, no danger; but that any airplane "accidental-
ly"™ in the path of a lightning discharge, would be immedi-
ately destroyed, or at least set on flre. Both opinlions are
wrong. In my report on the haszards (reference 1) I have al-
ready shown that in principle any alrcraft may be and actu-
ally has been struck by lightning, whereby the consequences
for the airplane were happlily trivial according to the three
cases then known. To-day, however, we have the accounts of
32 electric discharges to alrplanes in flight, which should
enable us to make some valuable deductions.

The layer of air surrounding the terrestrial sphere is
a poor dlectric conductor in its lower part; from about 80
km (50 miles) height the conductivity of the air is almost
as high as fresh-water. Thus the earth 1s surrounded by a
conducting envelope which the well conducting earth's sur-~
face represents a condenser whose one plate, the earth, is
mostly negatively, the other, the conductling envelope, is
always positively charzged. Between the two 18 a potential
gradient of about 200 kV end a continuous electric current
fiows from the conducting envelope to the earth, amounting
to approximately 1360 amperes figured for the whole earth's
surface. The carrlers of this electric curreant are the lons
which move at a speed depending on the potentlal gradlent
and the ailr density. The concentration of such electriclty
conductors of the same slgn represent a certaln electric
charge, the so-called "space charge." Under the effect of the
high potentlal gradient between the conducting envelope and
. the earth's asurface and such mpacse. charges an electric field
is formed, whose intensity at the ground is quite consider-
able (100 V/m) but rapidly decreasses upward, The areas of

#0Praktische Urfahrungen aEE Blitzschldgen in Flugzeuge.!
Z.¥ M., November 4, 1933, pp. 677-586.
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squal potential hug, as & tule, the earth's surface, eleva-
tions or free-floating con&uctors . c.ause these areas to
shift and as a result a lpocal’ rlige in fleld density. Conse-
quently, a high tree or tower, a captive ibElloon or kite
may ralse the potential gradisnt very conslderably at its
tip. By the 'same ‘argument every free-floating conductor
gets up a disturbance of- the .électric fleld, and which be-
comes so much greater the longer and morse pointed tha gshape
of this conductor is perpendicular to }herpteas? o? equal-
potential (fig. 1). .Thus,-a-léng airship :will #ause lass
interference than a small- airplane with extended ‘trafling

‘antdnna :or -a"free Halloqn. valving gas with- ratn-soakeﬁﬂdpag

rope. .Aircraft can adapt A1teelf readily to: the poteptlal:

of its. anrounding. ‘although' 1t can of ,courss conduct.er -
"produce 1ts own’ charges. which however are small and tEsre-
~fqre de npt- éause" much interferencs. - - _“q;n

ﬁnt the normal state of the electric fislﬂ of ‘the. air

- can under .opriain weather conditions unaerzo profound dle-
~turbances whieh" producp a. tremendous rise in- potsnfial gra-
‘dient. This occurw above.sll ‘through the. foraation &f high

electric charges in the air, that 18, space ckarges; which
usually are bound up with precipitations. (fig. 2). The so-
¢alled Lenard effect through the bursted .large Faln drops
as well as the spraying back of: snall drops.when’ twp vary-
ingly large raln drops_ ars fluhg against-each- other, ‘or.the-
chipping off of vsry minute fractions of icicles from ths
snow crystals }n 'siow storms, all play an impertant role. - -
In evqry case 1t always gtlpulates a separation of meny in-
dividual small, light particles with negative charge upward
from few heavy large particles with positive charge downward.
In 'this manner. snormous electric charges are produced es-.
pecially with-strongvertical motions and precipitations )
which ag.independent space charges create such a strong PO~ -
tentlal gratlisnt ‘as to lead to repeated equalization through
spark discharges, l.e.,. o0 thunder storm (fig. 3). Poten-
tial gradients of from 1. to 4 kV/cm have been recorded in
the vicinity of thinder. ¢louds: But, 1f this gradient has.
grown to0.10 to 18° kV/Cm at any -point, 1t may at a lAFge .rain-
drop risge.tg 30 t6 40 k¥ /em as result of the shifting of the
areag of equal potential., Then thé drop emits brush dis- .
chéarges which rapidly advance :in ‘£161d direction even- if. the
field intensity 1s low. This edvance of the electric chargq_
i1s abt the rate-of 100 km/s; which would be the speed of .
lightning. o lea e PTE e

The lightning 18 no oscillhting pfdcess but an aperi-
odically damped forward push of an electrlic charge from
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cloud to cloud, from cloud to earth or vice versa. The'
discharge conduit 1s a tube of. lonlzed ailr. of .several

'tdecimetsr diameter through which g current of the order

0f-10,000 amperes passes within about 1/100 sec.

The_lightning discharge therefors begins ‘at a point

"‘at which the ‘potentlal gradient exceeds the critical amount

of from 30 to 40 kV/cm. Now, every alroraft causes.a rise
11 "the alread& exigtent figld intensity and can thus re-
Jease a lightning discharge. Since an airplane with a 700m
trailing antenna is capable of raising the potential gradi-
ent to 10. tq 20 tilmes the amount of the undisturbed fileld,

T is bound to produce a spark discharge when flying through

8 cloud of only 2 to 3 kV/cm potential gradient. This reed-
11y explalins the gresatest numher of known cases.of light-
ning discharges to airplanes. Accordingly, no "accidentall®
flight through the path of the lightning, but release of a
lightning dlscharge with a potential gradlent which other-
wise would not suffice for an independent dlscharge.

For reesons of simplicity and brevity the term "light-
ning discharges" as nsed hereinafter, denotes electrostatic
discharges over the aAlrplane, which, released from tH& alr-
plane 1tself have, as known by experlence, much less effect

.%han those observed otherwise on the ground.

As previously stated, I have the records of 32 cases.

'_some collected from varlous sources, BsBome the results_of mny

own investlgations.

Of these, 23 occurred on German, 4 on English, 2 on
Swedish. and 1 each on Cszechoslovakian, French, and Belglan
airplanes. Not one single abpolutely autahentlc case of
lightning striking a U.S. airplane has ever been observed
as far as ] have been able to find out. The large quota

_for German alrplanes is obviously a proof .of German ailr

transportation activities.particularly of much and able
"bad weather" mAnd cloud flying. .

There was only 1 record prior - to 1925, 2 each in 1925
and 1926, 1 in 1928, 11 in 1931, 9 ir 1932, and 6. 86 far. in
1933, These figures revesl increased bad weather flying as
well .as the more general upe of wireless aquipment. .

of the 32 cases. 2 continuous discharges due to. Saint

'Elmo's fire and 1 induced discharge on a glider are elimi-

nated, which leaves 29 cases of lightning striking an air-
Plane in flight (fig. 4).
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Classified as to their effect on the airplanes we
hﬁee LT . 2 .-."'-‘ . : LS : .o

. .‘. e 3 . . . . ' J.
‘ i'i) Light diechergee. the entenna beimg burnt.off .the
vradlo slightly dasmeged -dbut no damage to: qirplpne;

e 2) Heﬂiuﬂ discharges, antenna belng ‘burat away, radio
£ AR con&iderably demaged ~airplane elightly damaged
ﬂ) Eeavy diechdrgee,-entenna deetreyed.rradio almqst
Lot destroyed, coneiderable &irplahe demage or Qqn-
R ger of fira.:: T .- . ; 1.
. LT T 4 L .
2 - . Invdccord with 1t t'ﬁere ‘were ? J,ight 9 med.ium.- .=an& 13
heavy dischargee. Al LI o :

; One noteworthy feature 1s preeented by the greding of
v the hitd according to thelr severlity omn. the different alr-
plene typee .o i ..

Of the 4 discharges to wooden airplanes none were light,

1, -medium, and 3, heavy. Of the 8 hite to the.mixed deslgn
" ‘type none were light; 3, médium, and 3, heav¥:..In the 17

all-metdl alrplarnes, 7 were .light; &, medium; and -4, heavy

discharges. < T UL T RO,

The very fact that, of 29 airplanee 26 were struck with
‘axténded -antenna manifeasts that the eleg¢irostatlic range of
influénce  of the alrplanse materlally iacreased,with the.an-
tenna and the tkhereby produced strong.rise 1in petential.gra-
dient was respousidble for the release of an electric dls-
charge. It was apparently immaterlal .whethar. the radioc was
*’1n ‘operation or not; neithor does thore. seam to be any- con-
nettion between the operating state of the- nirelees equip_
ment and the severity of the ﬂiecherge. 3 .

g

Severel lightning diechargee were accomuenied by tery
seYere and not at all harmless alr pressure-actions. . None
of the wooden, but 4 of the mixed, apd 1 .of the all-metal
airplanee were hit.

Effecte of li*htning diecherges on occupante were :0b-
servad in two: cases end then only An woeden eirplanee.;
hegnetization of steel componente which produced a com-
‘npass disturbance after the. discharge oogurred in 1 case on
" “.the:wpoden types, 7 timee in the-nixed,: but. -none. im the all-
- metal .types: - - -, e L T

Voo T he

.- - e} o
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Ehe meteorologidal conditions adcompanying the- light-
2ing discharges were as follows! '’ In'2 céses the airplane
was In the vicinity of thunderstormsi in-b5 casés' the flight
wag right through -the storm 1tself, .- In tho- othdr 22 cascs
the hits occurred wlthout noticeable electric discharges
"beforeor after striking. Seven. cases- reported ‘fItght
through L squell cloud 10, hail. and 16, snowsﬁorm."

T e The clessificetidn of lightning discharges by months
showg: "6 -for Aprii, -4 for March, 4 for Octobér, ‘3 each"for
“July end .Septembar; 2 éach for December,. January, - and May,
“antd 1 .e4ch for June and August " There 1is no-record of -any’
"dlscharge in November.- ; ' )

An analysls df thsse cases- reveals-the following* "As .

far a8 the meteorologlical conditlons aro concerned tns *

* ingreatest fregquency of lightning discharges does not occur

during thée months of greatest thunderstorm frequency., Judg-
‘.ing the number of flights according to the seasons, the
-Winter months show a comparatively greater frequency. The
greatést number of lightning discharges occur undoudbtedly

' 12 the spring, the fall mOnths also show Proater freqiiency,.

-Together -with the meteorological condltions at the
.timo-of diecharge and an investigation of the individusl
woathor conditions the blectric condltions of the alr 'are
somewhat as follows: The probabllity of lightning dis-
charge in fllght through a-thunderstorm 1s undoubtedly very
great. But the amestival thunderstorms are timely noted by
the  waather bureau and the pllot and so avolded as much as
-poseible, When they must be flown through, 1t is done very
“‘cautidusly, and with reeled-in antenna. :

As a'rule, one 1s-léis careful when there are no vis-
1ble indications 8f thunderstorm. - Thd dlectrostatic charge
is undoubtedly too much undoréstimated under the various
weather conditions. We know that the discharge electricity
can produco enormous spece charges; especlally when large
raln drops are dispersed or snow crystals are split off.
‘This is always bouhd up with consideravle verticdal motions
-1n the-air. Hall and slg§j7occur only wlth very pronounced
upward motions-which we desigrnate as gusts. 4nd it is
fotund that“the iightning dischargés oéciurréd especially
fregiently thn clbuds whiéh ffom thé oiutside looked  like:
gusts, which revéaled the pecullar ‘shapos of. the upward mo-
"tloX-'od 1th upper side and wére accompanied with-driving .
snow or even hall. Evidently enormous electric charges are
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p pducea in a heavy snowstorm. ‘that is.,high potgntial gra-
= dlbnta, _80.. thqt an a!rplaqg with tralling aqtenng .can eaai-
ly rdléase a spark discha;ga. In all these, cqsas and am
attestpd by ground pbservations the. electric Qiqpharge ro-
lease& through the. airplane 1s tha nn}y ong, ., . R
) . An alrplane with antennp. tralling enteripg an in 1tmelf
,jstrohg fleld, may be .ralséd to 10 to 20 times.,its amount..
jTheoreticqlly._the maximiam patential gradient nhould oceur
“at the tlp, of the antenna and around 1it; thers, the' af@qe
of equal potentlal are ‘shifted so that critical field in-
tensities of from 30 to 40 kV/cm arbv readily reached. It
.18 nunfortunato that. the antenna 1s usually difflcult to see
" from an alrplane; 1% prodbably would ‘show Saint Elmo! 8 fire
in night flight as observed on the propellers. The fact
_that Saint Tlmo's fire was. repeatedly observed on. propsllers
and wings proves, however,. that the potentlal gradients mist
be very high et thoee pointse.. . Accordingly,’ jhe antenna- also
acts as sguallzer and the airplane evideptly assumgs. the po-
_tentlal of an area which does: not pass through the alrplane
* " bat beneath 1t, that 183, lies between exhaust and antenna
tip (fig. 5). Undoubtedly. electric current flows in the
atrong field ;rom antenna to engine,. exhaust an¢ ‘Propeller
even without ‘stroke-like discharges. W1th tha high poten-
tial gradlent around the airplane the air {f strongly ion-
1zed;. the small ilons are drawi to the. airp ane. at. aaveral
times the. flying speed.. All. this. may,. without Lightn;ng
discharge or prior to it, lead to. diaturbances as. gctually
..oPserved at: varlous occasiona. In.one case the antenna-
tranémitting current dropped b0 percent ahortly bofors the
spark discharge. Bpark contacts and strong atmospheric
disturbances in reception were glso notlced pccasionally,
’ although this 18 not always the cnse; mostly. the lighining
diséharge cpme without waranlng. Admittedly thp suddenqees
.. of the flash ls altogetner undarstandable. since the alr-
plane is. ahble to carry,. a9, to. ‘speak, 1ts field ‘at high. po-
tential gradignt and to approadh a atrongly concentratad
__spaco chargo vory rupidly. )

. Thoro also 15 a record of three casses of lightning
dis hp ge 1a ainplanes without antenna: two, in. Fooden air-
planbs flying throush thunderstorm, and pne in whieh 1ight-
ning hi't twice. This particular airplane, .a biplane, all
wood,. (fig..6), attemptod, to, fly. through $he front of &. .
_rtQundersto;m,. There,  wai first a ﬁischarge through, '$he. _
right wWihge in thé clouda, i1 heavy enowsetorm. A few sec-
onds later lightning hit the left wings very sevoerely. The-
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pilot was almost blinded and felt slightly lame which ef-
fects, however, gsoon dlsappeared. The remarkabdle thing 1s
that -in both cases the discharge passed through the wings
near the wooden struts, and d4id not follow the fuel lins.
In dnother case & twln-engine -alrplane of the mixed typse
reloased a-lightning discharge while flying through clouds
in a heavy snowstorm,. ‘The..discharge passed over one of the
. outboArd engines and caused temporary ignltion disturbdbance.
The fabric covering of -the wlings, as well as the ribs and
fittings wore damaged consldorably.

Thero 1s no connection betwoen tho type of airplane
and the frequency of discharge. But .the fact remains that
the damages to wood and mixed type alrplanes are ususally
more severe than to all-metal alrplanes. 4nd this 1s eglso
readily understood. The all-metal alrplane offers the e-
locdtric discharge a very convenlent path especially in the
closed outer skin. But i1t 1s particularly dangerous, re-
‘gardless of type, when the discharge passes into the alr-

plane, and the all-metal types are not immine as we shall
show.

Mony conslder fire as the most dangerous conseguence
of a lightning discharge. There 18 no absolutely authentic
case 1n which lightning set the alrplane on fire; on the
other hand it cannot be denled that 1ln some cases the danger
of fireo was imminont. The fusl and o0ll in the closed metal
tanks and pipes cannot burn before these plpe lines or tanks
have been destroyed. Gasoline lines have never been direct-
ly hit by lichtning nor destroyed by arcse. There ig no dan-
gar of further dburning of partes heated to or above the flash
point during the very short discharge, when these parts are
well cooled. But the appearance of arcs within the airplane
18 much more serious.

Since the antenna releases the lightning discharge 1n
most cases and offers the dischargze the most convenient
path the attached radio equipment 18 above all exposed to
damages. They may be harmloss sparking contacts, burning
of pipes.or fuses; but they may equnally destroy switches,
colls, generators, etc., and even buran out the whole radio.
In 19 out of 26 cases tho antenna was burnt off at the
point where 1t emerges from the failrlcad. 1In several cases
the fairledd 1tself was more or less danaged.,- But in all
cases the radio was put out of commission. (See fig. 7).

Demage to outside parts of the alrplane was -mainly
confined to the-wooden and the mlixed-type alrplanes. Whecre
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the electric charge must clear the path to better conduc..
tors within the alrplane,. ths outer skin is. destroyed. Thu e
wings covered wlth wood “dr cloth ‘were &zmaged wh'en -the phth
l1ed .over the ahtenna Sg¥ or oOver the wires to the position
lighte. Such dqmages fig BaHb) may consist of smalls
round scorched holed in’ the woad or fabric, although tearuj
ing and fipping off ¢f largér pleces 'is not unknpown. Stesl
is é poor conductor for the 1ightning current' for which *
rgason lightning does not follow eteel .cable very often, -
but 80 much greater is the danger of fusion by current ébnu
tacts. For instance, ‘note ‘the burnt 1l'inm steel’’ ‘wire fin
braces on the wood-fabric 'airplane (fig. 9).

. Tbr “"$ne same reaeon ‘the Iightning ‘dfdcharge does not
6116w the engine shaft to the propeller but gonerally
Jumps over from this ‘engine, owling or-“radiator (fig.-10).
That propellers in perticulaer act ad equalizers is well
known and confirmed by the frequently observed Saint Bilmo's
fire. Thi g may regdily lead to current contacts with pro- -
nounced heating from airplane to propeller, but also from '
propeller to the surrounding, highly lonized air (fig. 11)
Hence the traces ‘of fusion on the rddidtor, ‘cowling and
other contact points in all-metal airplanes (fig. 12).

. ‘1f, the’ 1ightning follows tne ahtehna into tne alrplane
1t generally results in very gevere and’ dangerous ‘damage’.
Bven the all-metdl airnlahe is not immune. When the anten-
na fairlead forms g convenient direct path to" the inside
lightning followe.it and it merely reme&lnsg a question of ar-
réangement and dewsign ‘at what polnt it finds thisg path’ incdn—
venlent and triss to find a'hetter one to the érigine and
the propellerm'where L then estahlisnee a cdontact and msu-
ally results in geverse and dangerous arcs (fig. 13) This
not only produces. 'a ‘flre hazard but it also jeopardizee
‘other vital parts of the airplane (fig. 14)

RN ¥ lightning.discharge within an airplane constitutee a
direct or indirect .hazard to the varioue inetallations.
This applies in particular to electricequipment which isd
deetrqyed fuses burnt or blown out etc. 'The curreat sup-
ply for wital’ equipment 18 dieturbed 1 not- altogether 8o *
serionsly damaged as to render temporary repaire impoesible
during flight. In one case “the electrically operated fire
extinguieher was eet off bw lightning. :i: !

Several severe lightning discharges to’ airplane fof the
mixed type were adcompanied by air pressure effects which

L L ’ E
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yrou ght coneiderable havoc oh the aliplanes., Nearly all
ghtiiig discharges manifested pressure or shock effects,
_which, however,-wero. frequontly loss obsorvod. under tho
_etronger impression. of the other effects or overiboked . al-
together in the natural startling during the flash

_ In. the previously cited casg of 1ightnihg striking a
twin-anginp airp}ane without antenna.'euch a gtrong
draught of alr blew through the cabin window toward the
pillot's seat that parts of the wooden paneling was ripped
off .and thrown Anto the pilot's lap, . In another case five
_of the eight windowe in the pllot's. hood togéther with .
‘thelr metal frames were torn. out, and some of them flung in-
‘to the propellers.thue causing additional damages. ' In this
particular cape the conneqting doorn here olther dlown open
or wedged tight and cloth covering was torn. off. In two
".other cases .on alrplanes of the, same type practically the
‘whole covering on the bottom of the fuselage was destroyed.
In ‘the firet.case (fig. 15) tho pilot did not notice the
hit exceapt for a hard bump, which he first ascribed to col-
1iding with a large bird until the simultaneous destruction
of the radio and other indications of a lightning d}scharge
convinced him otherwise. . In the other case (fig. 16) the
damages were almost identical. The 1.5 mm heavy plywood
covering, nalled and glused to the framework, was wrenched
from its base leaving the nalls exposed as much as 5 mm,

Very obviouslr this was due to the enormous pressure
effects which can be explalined only by electrlc phenomena.
. There also was one very conspicuous example of so-called
electrostriction in the above case. The 0.5 mm gage. brass
..antenna fairlgad was inwardly compressed with such powerful
' forqe (fig. l7a) sa a8 to crush the ‘tube in about 10 close,
solid lobes, cansing 1t to seplit in about. 20 small, long
stfipe. The .crishing prespure was 8o great as to leare the
imprint of the antenna wire (fig. 17b).

. . The danger of inJury or death to occupante of an alr-

. Plane by lightning 18 much overestimatéd, Admittedly the
human body is - apart from the protecting skin.- a fairly

good conductor and i1f used as such by the lightning cur-
rent, there 1is no doubt at all as to the final outcome. In
;the alrplane, even 1f of wogd throughout, there are, however,
.80 much better cqnductore. such as pipes, rods, cables, ®tc.,
right next to the human body, which 1ightning alwaye wlll
prefer; 1n contrast to the free balloon ' where lightning pre-
fers the human body ‘to the hémp ropes. "Thus we know of
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only. twa ,cases qffpffpcts nf }ightning on occupants; both
in wooden airplanss.“ In one ‘aase, the pilot wore hid haad
set, during a hsa!y discharge apnd was tsmpdrariiy stunned
0T, dazad. In the other . Casd It resulted in a Very slight
brief paraLysis withopt aftor-offocts. We also pust men-
tion the stunning effect 6f an adjacent lightning discharga
evidently. .owing to induction, effect in the metal components
on the.pilot of. a,gfidsr A notable fact is that 1ightning
discharges to. fully occupied. large transport airpIanss
have never causod any bad effect or signs of unsasinsss in
the passsngars._ o e . . g

) . Even 1f the dlscharge. has passed through ths airplane
.:harmlsssly, it sometimes. 1eavss an after—-affect which may
.-.endanger the safe continuation of flight; this is the mag-
netization of metal parts . around the compass. Steel tubing,
as well as cables, which forms a part of tho lightning path
or happens to be .noar a Loavy. dischaﬁgo. ie hoavily magnot-
izod. This may “lead to compass deviatlons strong enough to
. 'make 1t practicelly useless, Of" course. magnptization
through lightnlng discharge .qQccurs, only in wood and mixed

- typa airplanss"in the lati{ér. typs in sevcn cages out of-
eight.: The magnetization ﬁay be so grsat and lasting as' to
preclude dspendabls functioning for a iohg tims, ‘No mugnot-
ization has boen obvserved nor 1s any ezpected in all-metel
airplanes of alyminum.. .. ) o

- -
D !

-. .-The gonclusiops to be drawn from these practical ex-
_periences are.as followa.

. Ffom the meteorological ‘point of view, adylce’ and pcr-
.sonal training of pilots can cértalnly insure timély appre-

" ciation and avoidance of. imminent dangerous, wsathsr ‘condi -

tions ip many casss._although not in all cases., JFor strong
...electric space. charges cap so guddenly be formed localiy as
to defy Tecognition when flying in clouds, A11- squiall -
clouds, that is, towering cumull are precarious,'espacially
..khe numserous squalls In the spring of. the year. UHarked
:distortions on heavy stratus clouds also prove the ‘existence
of verticel movements and, when accompanied b7 precipitation.
of.Adieturbances in .the potential gradient within., Hall and
;-slept ars direct dangsr signs. a neavy snow storm is naver
. uithout strong slsctric chargss. .

Ascnrding . ths numsrouq ;isntning disbhargss to ‘alr-
.planss Ilying i spgowstorms the sIéctrostatic conditions
‘arg ‘such, as, to Qndicate ‘the exiétonce of marked preshurc
gradients even in the wintor months.
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Analyzing the recorded 1ightning hitqﬁin their effects

* on the-airplane accordlng bo current inteneity we f£ind in

most cases an order of magnitude of 10'%d, which 'iy 1n uWe-
ceptable agreement with the measurements a@nd calculations
from ground observations. The boundary between "medium"

-and "heavy" -discharges to airplanee lioe between 5*and 25 kA.

An analysis of the etrongth aﬁd forcesg on the ahtenna
fairlead crushed by electrostriction would g€lve an emperage
of more than 100 kdi; aocording 6" that the assumptions ‘nade

"for this analysis require pernape further experimenﬁal ‘veri-

fication. When Saint Elmo's fire, 'a steady brush Eiecharge.

" 1@ observed, which, although it octurs ‘quite frequently ‘An
‘day flying, 1s seldom noticed there 18 4 stesddy -direct cur-

ront flow from antenna to engine. propoller, and’ wingn.‘etc o
or vice versa, depending on the direction of the potential
difference. TuLis current is of the ‘order of 0.5 to 3A for
large multi-engine airplanes. The potential difference
bridged 'by the lightning protector depends ipon the' length
of the dlischarge. TFTor a 2 km length orne can figureé with a
potential difference of around 100,000 kV:. In most casds,
as fer as airplanee are concerned, 1%t probably involves the
dqualization: between two space charges wlthin &a-cloud, al-
though there 18 & record of an airplene naving released
lightning disqhargea ‘between two clouds. Unfortunatoly
lightning dischargee to airplanes are not usually accompa-
nied by eimultaneous ground observafions, except in'a few
cases. In one case the path of the dtroke from the .-cloud

_over'the alrplane could be clearly observed on the ground.

The low-flying airplane probably always will cause ' a dig-

‘charge to ground. The high-flying airplane produces firat
.a dlscharge within the strongest electric field 'which, how-

ever, can easily develop to potentlial balance over a large

'tone. that is to ground also.

The space charges being frequently locally concentrat-
ed a very strong horiszontally directed potentlial - difference
can exist which is sspeclally hazardous to dirplanes with
long, trailing antenna and to towing glidere.

.t
[

If in doubt the trailing antenna should be immediately
reeled in. And here it 18 very desirable to have some kind
‘of ‘warding device which indicates direct ang immediately the
slectric conditions of the air, and particularly ‘tha poten-
tiai gradient. Such instruments are azailable or.' ' qulte ‘easy
to make; for instance, a meon tube. on‘a eonnder would sérve
the purpose. Perhaps the radio could ‘be uséd as indfcator.
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'The riqe in- pgg ntiel gradLent to eritical value occurs
with the highflying - epeed and thd ‘many times higher specd
of’ the small-ions in :the. etrong fleld at-such .abnarmal .
raxe that ‘a8 substanfiated by experience, the. warning
,wduld arrive too-late, in moet cases.” ' e

.. Heeling in 70 m of antenna 18 a tedious and disagree-
able ‘tasks It:ie-therefore necessary to provide that the
;ﬁqgtenna can be. expediently "grounded", 1.e., connected to
" the .largeé nétal massea .of the alrplane. Moreover, such .
L_!afety sWwitches muat insure that the lightning discharge
_actualiy follows - them, Then too, 1% "is expedlent %o offer
. ‘the distharge 1n all cases -~ oven without actuation of
'grounding switch - a more convenient -path than the antenna
;which leads: into’ the airplahe. or in other worde, prevent
“nder any -and 'all circumjtancee the stroke from passing
through the fairlead to..the inside of the airplana. The
usual lightning protectors in the antenna fairleads do not
"‘seem to me to glye this abdolute guarantee. For,. once the
electric charge has reached the antenna fairlead, the
straight- path over the anteanna to the reel-is 1ndeed ex-
.tremely tempting. To be absolutely sure, an obstacle must
be:' provided-for the discharge in tlie entenna 1line leading
to; the fueelage; for instance, eny sharp bend (fig. 18).
_““The ‘conductor should shunt, tho dischargo bofore this Bend
" to the englnme by the shorteet route. With the .installa-
tidéns ‘of the. antenns feirleaﬂe a8 practliced mow there 1s
. an almost rectangular bend at the erd of the falrlead.

'_ Ebllowing ‘a atroke of lightning to ‘a Swedish transport air-
_plane I gsuggesated the .following, very eimple lighftning pro-
tection which from the wireless point of view-at least ‘has
functioned perfectly and 1s today used in a number of other

forelgn alrplanes (fig. 19). ,

The underlying 1dea is to offer the lightning current
& very convenient path to the engine before 1t. reaches the
‘antennd fairlead. - This is insured by 'a stirrup which sur-
Tounds the -antenna in thefairlead and which forms a. direct
connection with the engine. 1In rest position the.stirrup
serves as arc-over fuse without irnterference witﬁ'the radio
operation. It is easily pushed down to contact with the
uentenna, which then 13 easily and safely pulled in.

o St11l greater eecurity is assured when giving the an-

““tqnna falrlead & slight forwsard slope as ‘suggested in fig-

' yre 204.4ud b..- Tho sharper the bend in.the antenna the
quicker will the lightning current abendon 1t and take the

more convenlient path offeted. ’ AT
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To shunt minor partial discharges from the radlo equip-
ment 1t 18 advisable to provide another, similar protection
between Lhe antenna reecl and the change-over switash.

The cited protecting devices do not prevent a stroke
of lightning; the trailling antenna is usually lost when
lightning strikes it, and 1% 1s difficult if not altogether
impossible to inetall then an emergency antenna. Besldes,
& certalin amount of radio communlcatlon.is desirable for
purposes of navigation especially in clouds. Here is wheres
a fixpd antenna over the fuselage has proved very satls-
factory. Its air resistance 1s low, although the rTadiation -
conditions are admittedly less propitious than with the
long, tralling antenna, at least for the long waves still
used for the present, and for which it should be considoreod
only as a substitute.

The propeller is very frequently damaged, being a par-
ticularly etrong equalizing structural component. All-metal
propellers are more proof agalinst such damages than metal-
tipped wood propellers; in any case the tipping should not
be too thin and should form a good connectlon with the en-
€lne. This can be insured by shields and copper rings in-
serted at the hudb (fig. 19). It at any rato prevents the
dangerous and destructive arcs.

In various cases of lightning discharges to mixed-type
alrplanes, the current entered the wlng tips and took the
convenlent path offered by the antenna wolghts or the wilres
to the navigation lights. This is apt to cause more or leass
damage to the wing covering, but may be prevented by inter-
connecting all conductors and bonding as shown in figure 19.
The conducting aluminum bdbronze coating of the wings can
then also be connected to the lightning shunt.

All electric wires withln wood surfaces should be
housed in metal conduits and connected to the lighthing pro-
tection plates on the outer  skin and the engine. The same
applies to the electric leads to the tall. o

Fuges protect the electrical éguipment agalnst destruc-
tion through abnormal current charges. ¥YIlth the enormous
_excess voltage and amperage of a lightning di scharge the
‘fuses burn out explosive-like. But the electricsl equip-
ment can still be seriously impalred by a discharge despite
the safeguarding fuses., TFor which reason,.it is advisable
to carry an emergency set of nonelectrical equipment,
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insofar as 1t 4is necessary to continune the flight, -In one
particular ‘case. ~ dlscharge 1in' cloudse, above the North Sea -
tho £1ight was ‘succosefully: carriod throuvgh. with tho pneu-
.matic turn indicator ‘and azimuth gyroscopo after thg elec-"
tric horizon and the compass had fniled

) One vory disagreeable after-efcht of a lightning dis-
chargc 18 the pccasionally very hoavy alr progsuro offoct. .
It 1s caueed by -electrostrictlion, l.e., the parallel elec-,
tric_ currént paths ‘aré mutually attracted thus attracting
all parts in the vicinity of the maln path of the current.
It .1s. well concolvable that a shield fittod on the bottom
covering offers & cértaln ‘protoction against ripping in e~
lectrostriction. being 1teolf conducting and attracting the
iohizcd air. .

i

The occupant of an all metal airplane needs no special
protection. Even the stecl tube fuselago offors, as a gon-
.'er¥al rulo, amplo protection. In wooden airplancs all metal-
"“11c¢c parts should bo bondod and form as dircct a connection
with 'thd onglno-as possible, For ‘oxtra procaution the pi-
lot's ;eat may be shielded, The same applleg to gliders in
which adJacent ‘lightning discharges may produce unpleasant
in&uction effeocts. - The hezard in night flying 1s the blind-
idg of the pilot by an: unexpected diecharge to the extent
of loeing control, . .

re In donclusion 1t .may bo sald that airplaneg aro not
_"hit'I by lightning, neithcr do thoy "agccldentally" got into
_tHe "path of a stroko". Tho hits to alrplanos are rather
the result of a release of more or less heavy electroatatic
Zdiachargea whereby the alrplane 1tsolf. forme a part- of the
’ curront path.

The hazard-te aircraft from lightaing 1s frequently
much overestimated. None of the discharges to alrplanes
known heretofore has fortunately oigsed any. permanent dam-
age to passengore and tho demage to matorial was in moet
cases small, nor was any &alrplnne forced %0 land immedlato-
1y oven aftor a hoavy discharge.

- Lightning dlschargos to ailrplancs 1an flight can be
minimized by appropriate weather forecasts and training of
the pilots.,'

.- The - long trailing anterna iteelf ‘may releaec an’ elec-
tric. &ischarge if there 18 a high electroetatic potential
gradient, CotL
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The effect of such dlscharges is less on the all-metal
. than gn the mixed or theo all-wooden alrplanos.

The entry of lightning current into &n airplane is al-
ways very serious no matter what the type .of airplane, bdut
can be avoided by approprlate shlelding.

The radio must be especlally protected. A fixed an-
tenna can be uscd even with a high diffeoronco in potential.
It sorves as important -substitute whon thoe tralling sntenna
18 lost,

The heavy pressure effects due to electrostriction are
serlious secondary phenomena.

Failure or disturbance of important lnstruments or
equipment vital to maintaining flight attitude, navigation
or general safety constitute direct hazards,

The forces of nature released in a storm are a danger
to any work of the human hand, particularly the &l rplane,
But 1t 18 less the lightning which we have to fear than the
mighty alr movoments which can toss the alrplanc about as a
poworloss ball of the olomonts to the 1limit of its etrength;
more dangerous than lightning are the squalls, the formation
of 1ce and the hallstormse, as striking example of which note
the severe damage from hail on a gllder which had been car-
riod up into a thunderetorm (fig. 21).

Translation by J, Vaniler,
National Advisory Committee
for Aeoronautics.
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N.A.C.A. Technical Memorandum No.

730 Figs. 1.2.3.5
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Figure 1.- Aircraft in an
electric field.

1, Alrship without antennsa.

2, Airplane with "

3, Airplane without "

4, Captive balloon grounded.

5, Towing glider.

6, Free balloon.

7, Free balloon (jettison
ballast). :

8, Free balloon (valving ges
with wet drag rope).
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Figure 2.- Formation of electric
space charges during
percipltation.

Left: bursting of large rain
drops at sinking speed of
8 m/s (Lenard effect).
Center: splitting of small
icicles of snow crys-
tals in snow storm
(Kdahler).

Right: seperation of small
droplets when colliding
with varyingly large
rain drops (Elster and
Geitel).

gradient

‘Figure 3.~ Electric structure of

storm. The large drops
burst in the zone of strongest
up wind; the large positive
residual drops float below on the

vertical air current; the negative
small droplets are whirled upward.

Potential gradient, percipitation
and lightning frequently positive
at storm front, negative at back.

Figure 5.- Airplane with
antenna in electric field.
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a, 3 without tralling antenna Classification of 29
b, 26 with f discharges to alrplanes
e ... .. Gy 4wood
' ' d, 8 mixed - Alrplenes
s e, 17 all-metal .
£, 7 light O
: £, 9 medium
h, 13 heavy
i, 1 1light Discharges
J, 4 medium L/
k, 5 heavy '
m, 6 light A, Magnetizatlion.
n, 1 medium B, Air pressure
P, 2 heavy effect.
Q, 3 medium C, Effect on
r, 4 heavy occupants,
g8, 10 out D, 242 near} & :
t, 9 in E, 5% 5 in [ SvOmm BE
1u, 3 heavy F, 7V 7 gust front : ’"}?gm';"’
v, 2 medium @, 104 10 heil 5.
w, 6 heavy H, 164> 16 snow storm ik GRA Y [E
x, 6 medium ITIZEYEAAXILN
Figure 4.~ Lightning discharges
to alrplane.

a, lst.stroke. £, left

b, 2nd. " g, fusing
c, traces and

d, fuel tanks welding
e, right effect

Pigure 6.-Double discharge to "Berline-Spad'; pilot Sladek,0ct.15,1925 _

Side view Section A-B

tear due to pressure effect
arc outward, antenna welight
burned

HR-S light trace of fusion
SR-S 1light trace of :t‘usion
brace wires fused

3 rudder-cable strands fused
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Figure 7. ~Rédid dial and switch

burned out.

Figure 10.

W

(a) Outward ar

Figs. 7.8.10.11.13

Arc ffomtbody to
propeller.

(b) Tear due to preesuré effect.

Figure 8. Dameage to a wood fabric covering.

Figure 11. Metal
tipping

damaged at trailing

edge of propeller.

"Figure 12. Trailing

' "edge of |
2ll metal propeller
damaged.

B

<
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. 2

tion of fuse-

1§ e i:‘-'v N .
Figure 15.— Destruc

= ‘ e lage covering due to
Figure 13.— Five traces of arc = pressure effect (according to
in an all-metal 1)illustration 10/34/31)

airplane.

Figure 18.— Arcing of lighting ) 2
current on a sharp o — 0

bend. i el e assmarin s
Figure 16,— Destruction of fuse-

lage covering due to
presgure effect.

e,

i

o

(a) Tubing between two (b) Collapse at tube end.
reenforocements. 2) Imprint at edge of ovreak.

(1) Undamaged tube. 3) Fusion of antenna.
Figure 17. Collapse of antennae fairlead-electrostriction.

Figuie 14.~ ATc on control cabie 21.~ Damage to glider
housing. due to hail.
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Fixed antenna

Gop-éer ‘rings : )
/ =
' T Trailing antenna

Position light \
Hend hold._ Y- \ Antenna reel
fT11./ Hand hold.
! Insulation tu‘be.
F 2. ~~
wix 1ead I “spring.
-~ |
|
Shiéla ' Stirrﬁp
- surru’ifl\ e
Antenne

N Alleron

Figure 19.-~ Lightning protection for airplane, radio, wings,
and propeller. .

(&)

Figure 20.~ Lightning protection for a.irplanes with retracta‘blo
landing geax. , '
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